Abstract. There is a latent large block near the dam abutment of Jinping-I hydropower station, the stability of which is very important in the excavation process. As we know, Sarma's method is able to evaluate the stability of rock slopes with complex structural planes, because it takes into account the mobilization of internal strength of potential landslides. In the presence of multiple rock layers, however, no unified way is available to calculate the total strength on the slice interface, although in most cases the equivalent strength parameters are taken as the weighted averages of strength parameters of all layers. From the assumption that the normal pressure along the slice interface takes on a triangular distribution, we derive the equivalent strength parameters of the slice interface. Moreover, we discuss the influence of different selections of equivalent strength parameters of the slice interface on the factor of safety of a rock slope from a hydropower station in construction, with the conclusion that the difference might be appreciable. At last, based on the proposed procedure the stability evolution of the large rock block in excavation process is discussed. Its stability is increased before elevation 1840 m is reached because the upper portions of the blocks are removed, which help slide. After that, however, the stability is decreased gradually because the lower anti-sliding portions are removed little by little, which help stabilize the slip bodies. After the sliding body is wholly revealed, the factor of safety is 2.83, which is higher than that of sliding body corresponds to the dam crest and lower than that of the maximum in excavation process.
Introduction
The Jinping-I hydropower station is located in the west of Great River Bend of Yalong River, Sichuan Province, China. Electricity generation is one of main tasks of the huge hydropower station, with a total capacity of 3600MW. Another important task of the project is flood-control for Yangtze River. The capacity of reservoir under the normal pool level and regulation storage is 77.610 8 and 49.110 3 . The original geomorphology is a dip angle of 40-45º. As indicated in the engineering geology conditions of the left bank, there is a latent large block near the dam abutment generated by fault f 42-9 , lamprophyre vein X and fracturing band SL 44-1 , as shown in Fig. 1 . The fault fracturing zone f 42-9 with ∠ occurrence N80ºE~EW/SE(S) 40~55º is composed of breccia, mylonite and some fault gouge. The ∠ lamprophyre vein with occurrence N60~80ºE, SE 70~90º and width 1.5-3.0 m has poor weather resistance. The fissure SL 44-1 ∠ has the occurrence SN~N20ºW, E(NE) 55~60º. For this large rock block, some researchers and engineers have analyzed its stability. The comprehensive method incorporating microseismic monitoring and numerical analysis has proven very promising in instability prediction of the left bank slope of Jinping-I by Xu et al. [1] . On the basis of the equivalent acceleration and Sarma's method [2] , the high rock slopes on the left bank in the Jinping I Hydropower Station are analyzed [3] . The engineering geological research of the left bank in the Jinping I Hydropower Station can be supplied by some relevant references [4~5] . The stability evolution due to excavation of the left bank rock slope of Jinping-I Hydropower Station is systematically studied with an improved block theory by Sun et al. [6] . As we know, Sarma's method is very applicable to the analysis of rock slopes. In the setting of the limit equilibrium methods, Sarma developed the method of slant slices to calculate the magnitude of a horizontal seismic coefficient needed to bring the failure mass into the limit equilibrium state. The static factor of safety can be derived through an iteration process, where the factor of safety is defined as the strength reduction factor that corresponds to a critical seismic coefficient of zero.
In recent years, many scholars have carried out more deep research on Sarma's method. Bafghi et al. [7] proposes an extension to the key-block method, which combines not only individual key-blocks but also groups of collapsable blocks into a progressive analysis of the stability of discontinuous rock slopes. From a more concise process, Zhu et al. [8] derived the implicit expression for the factor of safety, the explicit expressions of the critical seismic coefficient and the critical reinforcing load factor, respectively. By means of Cramer's rule, Jie et al. [9] deduced a general analytical expression of Sarma's acceleration. Furthermore, for four commonly used slice methods with simple relations in the forces on each slice and Sarma's acceleration, a general closed-form solution of Sarma's acceleration was given. Based on a realistic mobilization of interslice shear forces, Yang et al. [10] discussed two possible directions of interslice shear force in Sarma's method.
In this study, on the basis of engineering geological conditions and the analysis of excavation process, the expressions for the equivalent strength parameters of slice interfaces are deduced from the assumption that the normal pressure along the slice interface takes on a triangular distribution. Then, the influences of the equivalent strength parameters determined by the proposed procedure and the weighted average method (WAM) on the factor of safety are discussed with a high and steep slope of a hydropower project as an example.
Methodology
One fundamental assumption in Sarma's method is that not only the slip surface but the slice interfaces arrive at the limit equilibrium state simultaneously, which needs to calculate the total shear strength on each slice interface. If there is only one material above the slip surface, as in Sarma [2] , no problem exists for such a calculation. If not, no unified way is available to calculate the total shear strength along the slice interface. Sarma and Tan [11] proposed that the weighted averages of strength parameters of all layers on a slice interface be taken as the equivalent strength parameters in the calculation of the total strength of the slice interface, which is referred to as the weighted average method (WAM) subsequently. WAM, in our opinion, is not justified. In this study, from the assumption that the normal pressure along the slice interface takes on a triangular distribution, the expressions for the equivalent strength parameters of a slice interface are deduced. Then, the influences of the equivalent strength parameters determined by the proposed procedure and WAM on the factor of safety are discussed.
As shown in Fig. 2 , the i-th slice in Sarma's method is drawn for the force analysis. From the force equilibrium condition for slice-i in vertical and horizontal directions, two equations can be obtained: 
with the seismic coefficient K . Here, i TV and i TH are vertical and horizontal components of reinforcement force i T ; and other notations are marked in Fig. 2 . Sarma [2] assumed that as the seismic coefficient K arrives at the critical value c K , not only the slip surface but also the slice interfaces will arrive at the limit equilibrium state simultaneously, suggesting that ( )tan sec
Here f are the equivalent cohesion and friction factor of the i-th slice interface and to be discussed in the next section. All strength parameters are in terms of effective stress.
Substituting Eq.3~5 into Eq. 1~2 and performing a readjustment, we have the critical seismic coefficient c K , 
where,
with tan  . For a multilayer rock slope, a natural question arises: how to determine the strength parameters of the slice interfaces in Eq. 4~5. Sarma and Tan [11] proposed taking the weighted averages of the materials on the interfaces. In our opinion, it is not justified.
In this section, we assume that the normal pressure between two neighboring slices takes on a triangular distribution, as shown in Fig. 3 . This is a commonly accepted assumption in geotechnical engineering, such as the theory on lateral pressure and retaining walls [12] . By using the trapezoid integration formula, we have the resultant normal force acting at the k-th
(k) (m) Fig.3 Sketch for geometry and forces between slices of the multilayer rock masses
With E represents the total normal force at the slice interface. The Mohr-Coulomb criterion says that on the k-th layer,
Here, Geometry and strength parameters of all slices and slice interfaces are listed in Table 1 . For the above case, the difference in both the factor of safety and the critical seismic coefficient is a trifle between the proposed procedure and WAM. However, the difference will increase as the differences in the friction angles of different layers become large.
Stability Evolution of a Large Rock Block Revealed in the Excavation Process
From the geological conditions and proposed method stated above, another six models with the excavated benches are also shown in Fig.5 . In order to analyze the change of safety factors with excavation, 7 sliding bodies for excavated models are created respectively, each of which corresponds to an excavation elevation.
Step-1-sliding body corresponds to the dam crest with elevation 1885 m;
Step-2-sliding body to elevation 1870 m;
Step-3-sliding body to elevation 1855 m;
Step-4-sliding body to elevation 1840 m;
Step-5-sliding body to elevation 1825 m;
Step-6-sliding body to elevation 1810 m; and Step-7-sliding body to the wholly revealed state. According to geological conditions, the material parameters of the slip surfaces are listed in Table 1 .
The factors of safety of the seven models during excavation are shown in Fig. 5 . It can be seen that the stability is increased before elevation 1840 m is reached, because the upper portions of the blocks are removed, which help slide. After that, however, the stability is decreased gradually because the lower anti-sliding portions are removed little by little, which help stabilize the slip bodies. After the sliding body is wholly revealed, the factor of safety is 2.83, which is higher than that of sliding body corresponds to the dam crest and lower than that of the maximum in excavation process. 
Summary
As we know, Sarma's method is very applicable to the analysis of rock slopes. In the presence of multiple rock layers, however, no unified way is available to calculate the total strength on the slice interface, although in most cases the equivalent strength parameters are taken as the weighted averages of strength parameters of all layers. To sum up, some conclusions are following: (1) For the multilayer rock slope, the values of the internal friction angles are connected with the normal pressure distribution. ( 2) The stability of the large rock block revealed in the excavation process of the left slope of Jinping-I hydropower station is increased before elevation 1840m is reached, because the upper portions of the blocks are removed, which help slide. After that, however, the stability is decreased gradually because the lower anti-sliding portions are removed little by little, which help stabilize the slip bodies. (3) After the sliding body is wholly revealed, the factor of safety is 2.83, which is higher than that of sliding body corresponds to the dam crest and lower than that of the maximum in excavation process.
